eties present on the leukocyte (ligands) and complementary moieties on the endothelium (receptors), is necessary for robust adhesion. Ligand-receptor bonds are noncovalent, yet they are much stronger than the nonspecific whole cell colloidal forces. An aggregate of ligand-receptor bonds at the interface between the leukocyte and the endothelium applies an adhesive force to the leukocyte that counters the disruptive force exerted on the leukocyte by the flow of the blood. The relative strength of these two competing forces (the disruptive hydrodynamic force and the adhesive force) dictates the nature of the adhesion of the leukocyte to the endothelium (i.e., whether the leukocyte will tether, roll, or firmly adhere).
Over the past 20 years, many of the ligand-receptor pairs that form the adhesive bonds have been identified. These molecules are typically proteins or carbohydrates present on membrane proteins and perhaps lipids. For the purposes of this article it is sufficient to know that, for the most part, selectins (L-, E-, and P-selectin) bind to their cognate molecules (e.g., PSGL-1 and sialyl Lewis x -like carbohydrates) to mediate the initial tethering and rolling, whereas the later steps of the adhesion cascade involve integrins (e.g., CD11a/CD18) binding to immunoglobulin superfamily adhesion molecules (e.g., ICAM-1). For further details regarding the biochemistry of leukocyte adhesion, the reader is referred to several excellent reviews (10, 11, 16) .
Equally important to identifying the ligand-receptor pairs is elucidating the details of the underlying biophysics of this dynamic adhesion process. Although there are many aspects to this issue, we focus our attention on the role of the cell size and ligand-receptor bond properties in adhesion because these two areas have recently received significant attention and are ideal vehicles for conveying the biophysical principles involved in leukocyte adhesion to the endothelium.
The size of an adherent cell influences both the disruptive and the adhesive force
In addition to leukocytes, other formed elements within the bloodstream can also adhere to the endothelium through mechanisms similar to that described for leukocytes. Examples include platelet adhesion during the latter stages of atherosclerosis and cancer cell adhesion during metastasis. The diameter of adhering cells can thus span two orders of magnitude, ranging from ~2 Pm (a platelet) to 20 Pm (a cancer cell), (15) that the size of the cell will influence adhesion under flow. As noted in the introduction, a cell that is adherent to the endothelium in the circulation will experience a force and a torque exerted by the flow of the blood (Fig. 1) . As might be expected, the magnitude of this force and torque is a function of the local fluid-dynamic environment, in particular the shear stress at the vessel wall. To gain an intuitive feel for the concept of shear stress, it is instructive to imagine standing on the banks of a rapidly flowing river. At the bank of the river, one might see silt being "sheared off" the bank and entering the river. Thus it appears that the flow of the river is exerting a stress (a "shear stress") on the bank of the river. The force on the bank of the river is directly related to the shear stress; the greater the shear stress at the bank of the river, the greater the tendency for silt to be sheared off of the bank and enter the river. Similarly, a mathematical model of a cell adherent to the endothelium under flow conditions reveals that the force (F) and torque (T) exerted on the adherent cell is related to the shear stress (S) at the vessel wall. Specifically
and
where r is the radius of the cell and h is the distance from the cell center to the vessel wall (h is almost equal to r for cells) (4, 6) . As the shear stress increases, the force and torque increase as well. Importantly, note that the force and torque also increase with increasing cell size. A larger cell will experience a greater force and torque relative to a smaller cell. The disruptive force thus increases with increasing cell size.
The size of the cell will also influence the contact area between the adhesive cell and the endothelium. If it is assumed that a given ligand-receptor bond can form over a certain distance (typically ~50 nm), one can estimate the adhesive contact area from geometric considerations [the derivation can be found in Cozens-Roberts et al. (4) ]. The final result is that as the cell size increases, the contact area increases. A larger cell will be in contact with a greater area of the endothelium compared with a smaller cell, and thus, all else being equal, the larger cell will presumably have a greater adhesive force.
The discussion in the previous two paragraphs reveals that increasing the size of the cell increases the disruptive hydrodynamic force as well as the adhesive force. Cozens-Roberts et al. (4) introduced a parameter termed the critical shear stress (S c ), which is defined as the shear stress required to remove adherent cells from an adhesive surface (e.g., the endothelium). By incorporating the ideas of the above two paragraphs and the model of Hammer and Lauffenburger (9), they derived an expression that relates S c to the size of the adherent cell. Specifically, they found that
where K incorporates the thermodynamic properties of the ligand-receptor pair, the temperature, and the surface densities of the ligand and receptor and g is a function of the radius of the cell. Although g is a rather complex function of r, it is sufficient to know that g decreases with increasing particle size, causing S c to decrease with increasing particle size. Hence, the analysis of Cozens-Roberts et al. (4) suggests that the larger the cell, the lower the shear stress required to remove the adherent cell from the endothelium. Recall that this analysis took into account the competing effects of increased fluid force (an antiadhesive effect) and increased contact area (a proadhesive effect) for the larger cell relative to the smaller cell. Thus the analysis predicts that the effect of the increased fluid force wins out; although a larger-sized cell may be in contact with more of the endothelium, it will experience a greater disruptive force, which will overwhelm the proadhesive effect of increased contact area, leading to a less adhesive situation relative to a smaller cell. This analysis was recently verified experimentally (15) . Polystyrene particles ranging in diameter from 5 to 20 Pm were coated with a recombinant leukocyte ligand. The particles were allowed to adhere to a surface coated with a cognate endothelial receptor for a set amount of time. Subsequently, the adherent particles were subjected to increasing levels of fluid shear. At each level of shear, the number of particles remaining firmly adherent to the receptor-coated surface was determined. The shear stress at which 50% of the adherent particles were no longer firmly adherent was determined to be S c . As predicted by the model of Cozens-Roberts et al. (4) , S c (the shear stress required to remove the particles) decreases with increasing particle diameter (Fig. 2) . Thus changing the size of an adherent particle alters the balance of the disruptive force and the adhesive force, clearly illustrating that tipping the balance of forces can dramatically affect adhesion.
The above analysis was based on a mathematical model that described firm adhesion. More sophisticated models have been developed that describe a range of adhesive behaviors, includ-FIGURE 1. Leukocyte adhesion to the endothelium involves a competition between an adhesive and a disruptive force. The flow of the blood exerts a disruptive force on the leukocyte in the direction of flow as well as a torque (which is also disruptive). An adhesive force at the interface (i.e., the contact area) between the leukocyte and the endothelium counters the disruptive force. The source of the adhesive force is noncovalent bonds that form between complementary moieties on the surface of the leukocyte (ligands) and the surface of the endothelium (receptors). These ligand-receptor bonds are typically protein-protein or carbohydrate-protein interactions. It is thought that ~1020 such bonds are enough to counter the disruptive force exerted by the flow of the blood. To illustrate the principles of the biophysics of adhesion, a review of recent studies regarding the role cell size plays in adhesion and the nature of the adhesive bonds is given. ing leukocyte rolling and firm adhesion (3, 8) . These latter models have shown that a surprisingly small number of bonds (between 10 and 20) can mediate a rolling adhesion between the leukocyte and the endothelium. The sequence of events for any individual bond between a leukocyte and the endothelium will have the following pattern. There will be an initial bondformation event somewhere in the contact region between the leukocyte and endothelial surfaces. As the leukocyte moves downstream and rotates under hydrodynamic forces, the bond will end up at the rear of the contact area. Here it will be stretched and experience an applied force. The force will eventually become large enough that the bond will dissociate. If the leukocyte is to remain in molecular contact with the endothelium, another bond will then need to form somewhere in the contact area to replace the bond that has just been broken. Of the total number of bonds in the contact area, as few as two or three at the trailing edge of the contact area bear the brunt of the hydrodynamic disruptive forces. This analysis demonstrates the importance of understanding how single bonds respond to force and how bonds work together to balance the disruptive forces on an adherent cell. Recently, much has been revealed about the relationship between applied force and ligand-receptor bonds as summarized below.
The ligand-receptor bonds that mediate the adhesive force react to the disruptive force
The first important observation about bond strength is that, given enough time, any individual noncovalent ligand-receptor bond will dissociate on its own. Bonds are known to form and dissociate with reaction rates that can be measured by using techniques like Scatchard analysis and surface plasmon resonance (12) 
to months. Typical dissociation rate values measured for molecules involved in leukocyte adhesion correspond to unstressed bond lifetimes of seconds to tens of seconds.
If it is true that bonds will dissociate in the absence of external forces, what then is the role of applied force in adhesion? The full answer to this question is complex, but applied force on a bond will affect dissociation rates, presumably by changing the conformation of the nanometer-scale binding interface between ligand and receptor molecules and reducing (or, conceivably, augmenting) the energy barrier for dissociation. The details of how an applied force should change dissociation rate was first described in a seminal article by George I. Bell (2) . He used classical transition state theory for crossing of energy barriers to write down a simple Arrhenius-like equation that describes the rates of dissociation as a function of applied force. The model (2) predicts that the reverse reaction rate or dissociation rate of the bond (k r ) as a function of applied force (f ) is given by
where k r o is the dissociation rate constant in the absence of any applied force [i.e., with f = 0, as might be measured with surface plasmon resonance (12) or by using radioactive tracers]. k B T is Boltzmann's constant multiplied by absolute temperature (e.g., body temperature) and is easily determined. The Bell model given in Eq. 4 predicts that the product of r o f dictates the response of the bond to force. Clearly, for positive values of r o , applying a force to a bond increases the rate of dissociation of the bond. Exactly how the bond responds to force is captured in the parameter r o (also known as J, V, x E or x ts in different references). This parameter has units of length and relates the reactivity of the bond to the details of the ligand-receptor binding potential. A small value for r o means that reaction rates depend weakly on force, whereas a large value means that reaction rate depends strongly on force. Thus characterizing the relationship between a given ligand-receptor bond and applied force reduces to the problem of determining r o and k r o for that given ligand-receptor bond. The details of where the Bell equation comes from and how it might be improved have been well described elsewhere (13) . Although the Bell model makes a number of assumptions about the behavior of the binding potential, it has become the de facto standard for analyzing the force dependence of reaction rates in leukocyte adhesion. This standardization thus allows for intercomparison of measurements from different methods. Techniques for measuring k r o have existed for many years. It is only in the past 10 years, however, that a number of methods have been developed to measure the r o parameter in the Bell model.
To measure the r o parameter, a method of applying force to a single bond is needed. Most methods today use some form of highly flexible spring (with spring constant k spring ) coupled with nanometer-precision position sensing (x) to obtain forces on bonds from Hooke's Law (f = k spring x). The best-known example of such a technique is probably atomic force microscopy (AFM). In AFM, a flexible cantilever beam (the spring) is brought into contact with a surface. If both cantilever and surface are coated with adhesion molecules (i.e., ligandreceptor pairs), bonds between beam and surface form, leading to an adhesive event or deflection of the beam as one tries to move the beam away from the surface. When the bond breaks, the force at the moment of dissociation is observed. Other similar techniques include the biomembrane force probe (which uses a red blood cell as the elastic sensing element), the microcantilever technique (in which a thin glass cantilever is the elastic sensing element), and optical tweezers (in which radiation pressure from a laser beam is the force sensing element). Alternatively, hydrodynamic methods (flow chambers) can be used to apply force to adherent leukocytes on surfaces coated with low densities of endothelial receptors (1) . Although the exact analysis depends on the technique used, for all of the techniques a curve is ultimately generated that relates the measured rate of bond disruption as a function of the applied force (see, for example, Fig. 3 ). The slope and intercepts of the line segments that make up this curve ( o for all of the ligand-receptor pairs involved in leukocyte adhesion to the endothelium. The importance of these parameters, however, in determining leukocyte adhesion can be discerned from computer simulations of leukocyte adhesion.
Although there are many possible parameters involved in a simulation of leukocyte adhesion, the values of the Bell model parameters are a primary determinant of the adhesion process. One may devise a state diagram (3) for adhesion from such simulations (an example is shown in Fig. 4 ). This is essentially r o -k r o space divided into separate regions depicting different adhesive states. Three adhesive states are considered that are relevant to leukocyte adhesion. One is a "no adhesion" state in which the leukocyte moves over a surface too quickly to allow significant bond formation. If any bonds do form, they fail to slow the leukocyte sufficiently to form more bonds and initiate attachment. A second is a "rolling" state, in which bonds form in the contact area at a relatively high rate but break quickly in the presence of disruptive forces. This balance leads to a small and fluctuating number of bonds that acts as a kind of friction and keeps the leukocyte in contact with the endothelium while allowing it to move. The third state is "sudden firm capture," in which initiation of a single tether allows more bonds to form very rapidly and resist leukocyte removal by applied force. The diagram predicts the type of adhesion that will be mediated by a ligand-receptor pair with a given r o and k r It is important to note that for clarity we have simplified the relationship between ligand-receptor bonds and force in the above discussion. In particular, most forced unbinding studies show that several sets of Bell model parameters are needed to fit the data over the whole range of applied force. To understand this observation, one must consider the nature of the nanometer-scale ligand-receptor binding interface. Structural studies from X-ray crystallography, nuclear magnetic resonance, and mutations of binding interfaces show that specific amino acid residues are often critical for the binding. This means that for a ligand-receptor bond to break, a number of subbonds in the binding interface must be broken. Each of these subbonds is an activation energy barrier. The different sets of Bell model parameters represent these different barriers in the ligand-receptor interaction (14) . Since the r o parameter in the Bell model is a distance, one can think of each of the barriers as being at ligand-receptor separation distances (r = r o ). Not all of these barriers have the same height (that is related to the k r o parameter). Applied force can change the heights of these energy barriers differentially. Outer activation barriers (i.e., those with relatively large r o ) are usually larger than inner barriers (i.e., those with relatively small r o ) at low forces and thus control the process in the absence of applied force. Outer barriers are suppressed more strongly by applied forces than inner barriers, and thus inner barriers control dissociation above a certain critical force. The multiple barriers to dissociation lead to multiple curves of dissociation rate vs. applied force. Figure 3 shows such a curve from a recent forced unbinding experiment on E-selectin and its carbohydrate ligand sialyl Lewis x (17) . Note that there is a kink in the curve that indicates the presence of more than one energy barrier, and hence the unbinding needs to be modeled by more than one set of Bell parameters. It is an eventual goal of forced unbinding research to relate Bell model parameters to specific structures in the ligand-receptor binding interface. An example of such an analysis (for integrin-ICAM-1 binding) was recently performed by Zhang et al. (18) .
Conclusion
At the most fundamental level, a force balance dictates the adhesive interactions between leukocytes and the endothelium. Over the past 10 years, the balance between hydrodynamic and adhesive forces at work during leukocyte adhesion to the endothelium has been intensely investigated. These studies have revealed and continue to reveal the intricate relationship between the disruptive and adhesive forces as well as the ligand-receptor bond properties that govern leukocyte adhesion.
